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FIOW EVALUATION IN AN ARC-HEATED
HYPERSONIC WIND TUNNEL*

By Roger B. Stewart and John E. Grimaud
Langley Research Center

SUMMARY

An investigation was conducted to determine the thermodynamic and chemical
state of initially dissociated air during expansion in a hypersonic nozzle.
Results of tests in conical nozzles having total divergence angles of 10° and
169 indicated an equilibrium expansion for stagnation temperatures on the order
of 3,600° K and stagnation pressures of 12 and 20 atmospheres. (A computer pro-
gram predicted that significant departure from equilibrium would occur at these
stagnation conditions.) The method employed for defining the state of the gas
was based on independent measurements at corresponding locations of wall static
pressures and center-line pitot pressures. Good agreement was found between
Mach numbers as determined from measured wall pressures and Mach numbers deter-
mined from measured pitot pressures. The measured pressures were used with cal-
culated real-gas flow properties to obtain local values of Reynolds number,
effective core size, density, velocity, and the oxygen dissoclation fraction.

INTRODUCTION

Reentry simulation in high-enthalpy hyperscnic wind tunnels may produce
results significantly altered from free-flight conditions because of departures
from equilibrium during the nozzle expansion. Also, in an equilibrium expansion,
real-gas effects due to chemical reactions can significantly alter predicted
flow property values from perfect gas results. Thus, to correlate test results
with free-flight conditions, an accurate knowledge of the thermodynamic and
chemical state of the flow 1s necessary in any specific nozzle at each set of
stagnation conditions.

The effects of the extremely high pressure and temperature gradlents in an
expansion complicate an accurate analysis of the gas behavior by introducing
coupled nonlinear expressions for predicting the flow property and chemical spe-
cle variation throughout the expansion. Considerable work has been done in

*The information presented herein 1s based in part upon a thesis submitted
by Roger B. Stewart in partial fulfillment of the requirements for the degree of
Master of Aerospace Engineering, University of Virginia, Charlottesville,
Virginia, August 1963.



solving one-dimensional flow equations and chemical kinetic equations for a
wide range of temperatures and pressures (refs. 1 to 6), and extensive computer
programs exist for calculating the free-stream flow properties in an equilibrium
or nonequilibrium expansion (refs. 3 and 7). There is, however, little quanti-
tative experimental evidence known to the authors, except for the work of refer-
ence 8, that indicates whether or not a given airflow will duplicate the pre-
dicted behavior. The uncertainty in predicting the flow properties is due in
part to insufficient knowledge of the dissoclation-recombination process that
actually occurs. This process involves large energy exchanges and relatively
large numbers of collisions and is dependent on the kind and amounts of species
present and on reaction rates that are not well established at this time.

The present investigation was undertaken to provide a calibration and flow
evaluation in a small arc-heated hypersonic wind tunnel. At the same time, a
comparison was sought between predicted flow properties and actual measured
values. The departure from equilibrium calculated by the method of reference 7
for the two nozzles investigated herein was not observed, rather, the results

indicated an equilibrium expansion.

Meagurements of the wall static pressures along both nozzles investigated
were made at Mach numbers ranging from about 5 to 7.3. Separate measurements of
center-line pitot pressures were made at corresponding locations and, in addi-
tion, were carried to a downstream equilibrium Mach number of 8.5. All of these
measurenents were obtained for stagnation temperatures from about %,200°0 K to
3,900° K and stagnation pressures of 12 and 20 atmospheres.

SYMBOIS
A cross-sectional area of nozzle
Cr skin-friction coefficient
cp frozen specific heat defined in equation (9)
h molar enthalpy
h mass enthalpy
k. recombination rate
M molecular weight of gas
ic} gas flow rate
Nge Reynolds number
No molecular nitrogen
02 molecular oxygen



0 atomic oxygen

P pressure

R gas constant

T radius

T temperature

v velocity

X species mole fraction

X axial center-line distance

B pressure-gfédient parameter in local similarity solution of

boundary-layer thickness defined in equation (10)

4 frozen ratio of specific heats defined in equation (8)
p mass density

Subscripts:

aw adiabatic wall

b body coordinate

c cold

£ point of freezing

h ‘ hot

i chemical species

o standard reference conditions
t stagnation conditions

W wall

X axlal center-line distance

1 free stream

2 behind normal shock



Superscripts:

' gquantities evaluated at reference condition

* sonic throat
APPARATUS AND MODELS

This experiment was conducted in the 900-kilowatt continuous-arc tunnel at
the Langley Research Center with air as the test medium. The tunnel employed a
rotating direct-current arc with water-cooled copper electrodes and was equipped
with a 0.133-inch-diameter, circular, contoured throat, which was water cooled.
Reference 9 gives a description of the tunnel. Figure 1 is a photograph of the
tunnel with the diffuser and exhaust system omitted. Two solid-copper, conical
nozzles were used; one had a 10° total divergence angle, and the other had a
16° total divergence angle. Both nozzles expanded to a geometric area ratio of
508 and were uncooled. Figure 2 is a dilagram of the two nozzles showing the
location of the pressure orifices. Figure 3 shows the water-cooled pitot pres-
sure probe used. Also shown are typical probe and wall orifice locations in the
nozzle. Miniature thermopile gages having a usable pressure range of 0.1 to
10 mm Hg were used for all low-static-pressure measurements (fig. 2). Outputs
from these gages were recorded by an 18-channel oscillograph. Transducer pres-
sure gages, rated at 1 psia and higher, were used for measurements of upstream
static, pitot, and stagnation-chamber pressures.

TEST PROCEDURE

Exact duplication of stagnation conditions was not possible for two reasons.
First, determination of stagnation enthalpy is subject to some uncertainty
itself. Second, power regulation of the arc was only within 6 percent.

After initiation of the arc, a period of 5 to 10 seconds was required for
the wall static pressures to reach steady-state conditions. The average run
time was 40 seconds which allowed better than 30 seconds of steady-state

readings.

The nose of the pitot probe was located on the nozzle center line at loca-
tions corresponding to the wall pressure orifices. (The assumption of radial
source flow in the nozzle is made.) No correction to this placement was made by
moving the probe downstream a distance equal to the detachment distance; however,
the error introduced by the positioning of the probe tip on the constructed arc
lines was of very small magnitude. For each test the complete wall-static-
pressure distribution was obtained along with one pitot-pressure reading.



EXPERIMENTATL ACCURACY

Stagnation-Enthalpy Determination

One method of evaluating the stagnation enthalpy is the energy-balance
technique. In this method the power losses to the cooling water are subtracted
from the input power. A low overall efficiency for net energy addition into the
test gas (on the order of 10 percent) severely restricts the accuracy of an
energy-balance technique, because small errors in determination of the power
losses to the cooling water can cause large percentage errors in the determina-
tion of power input to the air. The energy-balance technique was not considered
sufficiently reliable for the investigation described herein.

The technique, used for determining the enthalpy in this investigation and
for which all the noted temperatures apply, was the commonly designated "sonic-
throat" method. The stagnation enthalpy determined by the sonic-throat technique
was obtained from the following equation for the static enthalpy at a sonic
throat:

. \2.5

- . P m

* = 0.0312’1‘01 25(Zt,h Te
pt’c mh

(1)

where B is in Btu/lb and T, 4is in OR. This equation agrees within 6 per-
cent with exact calculations for an equilibrium, isentropic expansion from the
stagnation chamber to the throat at the enthalpy levels of this investigation.
A recent experimental study with the arc jet exhausting through the throat sec-
tion into a calorimeter has shown.that equation (l) produces values of stagna-
tion temperature within *5 percent of the stagnation temperatures determined
by the total calorimeter.

Flow Expansion and Uniformity

Because of the magnetic rotation of the arc, the possibility of swirl and
nonuniform heating exists. At the present time there are no measurements to
indicate the magnitude of these effects; however, 1t is believed that the strong
magnetic field used (12,000 gauss) produces rapid mixing which would tend to
minimize uneven heating. A plenum chamber downstream of the arc chamber was
used for the purpose of allowing complete mixing of the gas and damping of the
swirl from the arc. The low axial flow velocity through the plenum chamber (on
the order of 100 ft/sec) provided a relatively long dwell time before expansion
through the nozzle. .

Pressure Measurements
The pressure traces from the oscillograph recorders could be read to

+0.00035 psia for the thermopile gages and +0.0025 psia for the transducer gages.
Accuracies quoted for the thermopile gages are *1.5 percent of scale reading in
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the linear portion of the calibration curve so that at the highest pressure
read, the maximum overall accuracy was *1.52 percent of actual pressure, or
+0.0029 psia. At the lowest pressures read, the maximum overall accuracy was

*5 percent of actual pressure, or *0.0005 psia. Quoted accuracy for the trans-
ducer gages is 1.5 percent so that at the highest pressures read the maximum
accuracy was 3.5 percent of actual pressure. All gages used in this experiment
were calibrated with a primary standard and the experimental wiring scheme at
the test site. Only those gages falling within the manufacturers' quoted accu-

racy were used.

FLOW PROPERTY CALCULATIONS

High-temperature gas flows can exhibit an inability to redistribute energy
among the different active modes In times that are small compared with dwell
times in a nozzle. Because of this phenomenon, account must be taken of depar-

tures from equilibrium.

For reaction times much shorter than dwell times, the flow maintains an
equilibrium composition throughout the expansion and the energy release to the
stream from the excited modes keeps pace with the sharp pressure and temperature
drop. If the net reaction time for the production and removal of a given species
is of the same order as nozzle dwell time, then nonequilibrium effects will dom-
inate the flow process in such a way as to produce measurable differences in the
stream properties. In the limit, if the net rate of removal of species that
occur at high temperatures falls to zero, the flow is chemically frozen and
expands in a manner similar to a perfect gas, that is, with a constant ratio of

specific heats. -

The previous possibilities set limits on the flow property and chemical
specie variations for a given high-temperature expansion. Because of the sig-
nificant changes in flow properties that can occur under different rates of
expansion, calculations were needed of the predicted flow property values for
specific nozzles and stagnation conditions. A description of the flow property
calculations that were used to check the results of the present experiment is

given in the following sections.

Equilibrium Flow

The Langley Research Center has a computing program for the equilibrium
expansion of air using the equations given in reference 10 but with corrections
to several of the constants. From these calculations, plots were made of the
variation of stagnation pressure behind a normal shock with free~stream static
pressure, which are the two properties measured in this experiment (ref. 11).
The normal-shock properties were obtained by use of the conservation equations
of mass, momentum, and energy. Neglect of the chemical specie variation in
passing through the shock and to the body was made. For a flow with a stagna-
tion temperature below 4,000° K and a pressure above 10 atmospheres, the stagna-
tion pressure behind a normal shock is nearly independent of the free-stream
chemical composition and relaxation effects behind the shock.

6
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Nonequilibrium Flow

The Langley Research Center has a computer program for the nonequilibrium
expansion of a three-component model of air (O, Op, Np), which uses the equa-
tions of reference 7. This program employs only one reaction, that of the
dissociation-recombination of oxygen. Because the fraction of atomic nitrogen
is several orders of magnitude below that of oxygen, in the temperature range
considered herein, this approach should be valid. However, the guestion of the
reaction rate used, is still an open one. Reference 7 used a rate given by the
following:

Ky = 1:795 % 1074 (2)
1/2
oL/
6
where ky has the unit 7 . This rate is a corrected form of
(particles)<(sec)

that given in reference 12 and is in agreement with the rates given in refer-
ences 13 and lh, which were obtained with molecular oxygen as the third body.
Reference T assumed molecular nitrogen to have the same influence on dissocia-
tion as does molecular oxygen. A discussion of the influence of reaction rates,
which at present vary over a rather wide range (ref. 15), is beyond the scope of
this paper. However, a check of the nonequilibrium behavior predicted by refer-
ence | was made by using the more complete program in reference 3. At a stag-
nation temperature of 4,000° K and a stagnation pressure of 12 atmospheres, the
free-stream properties calculated by both programs were in close agreement. In
Particular, the stream static pressures at an area ratio of 145 differed by less
than 7 percent from each other.

The program of reference 7 requires a nozzle geometry as input in order to
start the deviation from equilibrium, as well as, to specify the relationship
between the expansion and the nozzle center-line coordinate. The shape of the
geometric throat section used in the facility of this investigation was used as
input; however, downstream of the throat section the effective core size,
obtained from pitot measurements, was used to specify the geometry. It was
found later that only very slight differences resulted when the geometric shape
of the nozzle was used as input. From the computed free-stream properties of
this program, normal-shock properties were calculated by using the fluid flow
conservation equations. As previously noted, for the pressure and temperatures
of interest herein, the assumption of thermodynamic and chemical equilibrium
from immediately behind the shock to the body should still be velid.

Frozen Flow

For dwell times that are small compared with reaction times, a frozen
expansion would occur in the nozzle. Thls expansion would characterize a
bounding 1imit on the behavior of a particular gas and would constitute the
widest variation from an equilibrium expansion. The following assumptions were
made for calculating the frozen stream properties:



(l) Full equilibration of the translational and rotational energy modes.

(2) No energy release from vibrational and dissociative energy modes down-
stream of the throat minimum.

(3) Equilibration of all energy modes directly behind the shock.

(4) Air as a mixture of oxygen and nitrogen with the cold mole fraction of
oxygen being 21 percent and the cold mole fraction of nitrogen being 79 percent.

(5) No nitrogen dissociation.

Values of the mole fractions of O, Op, and N, were obtained from computed

properties at the throat minimum for the particular stagnation conditions of
interest. For a constant composition expansion, downstream of the throat mini-
mum, the mole fraction of each species remains constant so that by choosing
temperature intervals down the nozzle the following equations, from refer-
ences 16 and 17, can be solved to give the free-stream properties:

2
-1
R A (3)
pr \T¢
TL_ (Y (k)
2 2 - -
Vi© _ V¢ +2<hf _ h> (5)
RT, RTg RT, RT,
h _ 1 inhi=l.5_x052+lxo RT+7XN2RT (6)
RT, RT, M; RTo\2 Y My 2 “2M, 2 My,
L
EE = EE 7_1<Y£> (7
A \Tg Vi
C.
cP - R
°p = z XiCp,1 (9)

where cp,i 1s the specific heat for each species.




Normal-shock properties were calculated by use of the conservation of mass,
momentum, and energy as in the previous cases. Figure 4 shows the variation of
stagnation pressure behind a normal shock with free-stream static pressure as
calculated for the three expansions described and also the perfect gas variation.
It should be noted that all deviations from equilibrium involve a one-directional
shift in the curves shown in figure Y4; that is, any departures from equilibrium
in the flow will move the nonequilibrium curve in the direction of the frozen
curve.

NOZZLE-BOUNDARY-TAYFR CALCULATIONS

Because of the present lack of knowledge concerning boundary-layer growth
in a reacting flow, an attempt to predict the development of the effective dis-
placement thickness for comparison with the measured thicknesses was made. The
fact that the favorable pressure gradient in the nozzle was only steep through
the throat region, plus the fact that the upstream portions of the nozzle were
highly cooled, led to use of the method of local similarity for computing the
boundary-layer thicknesses. The following general features help to establish
how the method was applied: First, the nozzle was assumed similar to a body of
revolution with the upstream face taken as the stagnation point. Second, the
local boundary-layer profiles were assumed similar and were defined by the
pressure-gradient parameter of reference 18:

23

2 h av /dx X
B=— h“f,l lr 53 f Pl"l(fg) dax (10)
T

where for a body of revolution Jj = 1. The inviscid flow is assumed to commence

at the stagnation point of the nozzle face. By knowing the nozzle contour and a

given stagnation pressure and enthalpy, the p distributions were obtained. The
physical displacement thicknesses were calculated by using the similar solutions

parameters of reference 18 and the thickness functions of reference 19.

A second approach for calculating real-gas displacement thicknesses was made
by using the momentum integral equation of reference 20. An assumed skin-
friction law based on the Blasius flat-plate relationship and modified by the
reference enthalpy method is written as:

_ oot 21
Cp=Cp 6] (ll)
where
Ce' = 0-664 (12)

V¢NRe,x'

and p' dis determined at Eckert's reference enthalpy:



h' = 0.5h, + 0.22hg, + 0.28h; (13)

The computer program of reference 20 was formulated and displacement thicknesses
were calculated for an initial potential flow defined by the 10° and 16° total

divergence angles.
RESULTS AND DISCUSSION

The use of wall static pressure to determine free-stream static pressure
involved several important considerations: First, the expanding flow was assumed
to propagate from a source. This 1s not strictly true, of course, but for the
nozzle geometry used, deviatlon from a one-dimensional flow should not be a crit-
ical factor. Second, the Reynolds numbers in both nozzles were sufficiently high
(5 x 10% per foot) that the pressure gradient and subsequent pressure change
through the boundary layer should be negligible. Finally, a check must be made
to verify that downstream pressure disturbances are not fed upstream through the
boundary layer along the nozzle wall. In a hypersonic nozzle, large wall pres-
sure increases and subsequent separation can occur as & result of such feedback.
Three techniques were used to check for possible disturbances on the wall. In
the first technique high pressure was imposed on the nozzle wall by means of
shock impingement from the pitot probe. The wall pressure profiles obtained in
this manner were compared with profiles obtained with the probe removed from the
nozzle. The effects were small in the region corresponding to the nose of the
probe. Figure 5 shows a series of nozzle wall static pressure profiles with the
probe at two different locations in the nozzle (figs. 5(a) and 5(b)) and with
the probe removed from the tunnel (fig. 5(c)). The progressive disturbance at
the wall as the probe was moved upstream in the nozzle is seen by a comparison
of these figures. The disturbances at the wall with the probe located at a geo-
metric area ratio of 195 as shown in figure 5(b) have increased to an unaccept-
able magnitude. Therefore, pressures at this pitot-probe location were not con-
sidered as being within the required accuracy for this investigation.

The second technique employed a modification of the 10° nozzle in which an
extension to a l-foot-diameter test section was made. See figure 5(d) for
modified-tunnel geometry. This modification fortunately allowed for a pressure
profile along the original nozzle wall to be obtained with a tunnel back pressure
that was two orders of magnitude below the level used during the initial tests
reported herein. Two pressure profiles are shown in figure 5(d). The pressure
profiles are in close agreement and it is apparent that a complete expansion
exists in both configurations with no downstream effects on the upstream flow.

The third technique used to check for possible disturbances on the wall was
s comparison of measured pltot pressure and calculated free-stream static pres-
sure for an equilibrium expansion from stagnation conditions. Because nonequi-
librium effects are unidirectional tending to decrease static pressure from the
equilibrium value, any pressure disturbances at the wall would raise the wall
pressure above its equilibrium value and thus provide a check on such disturb-
ances. Because of the complete wall pressure profiles obtained for each run,
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the possibility that nonequilibrium effects were being compensated for by dis-
turbances propagating upstream was removed.

The statlc-pressure profile in the 16° nozzle is shown in figure 5(c). At
geometric area ratios equal to those in the 10° nozzle, the static pressures are
seen to be lower in the 16° nozzle. The slope of the pressure-profile curve is
nearly the same for both nozzles which suggests that the shorter wall length in
the 16° nozzle and resulting smaller boundary-layer growth are responsible for
these lower pressures.

The center-line pitot pressure distribution in the 10° nozzle and the test
section are shown in figure 6. The profiles in the upstream portion of the noz-
zle are seen to be similar for different stagnation pressures when plotted in
nondimensional form. In the test section this similarity did not hold at the
higher stagnation pressures where the flow expanded from a final Mach number
(based on an equilibrium expansion) of 7.3 to 8.5. The cause of thls phenomenon
was observed visually in the luminous flow by a lengthening of the first half
diamond (shock from the cone-cylinder junction) at a stagnation pressure of
20 atmospheres. Because of the narrow range of stagnation temperatures in this
investigation as well as the uncertainty with regard to the accuracy of deter-
mining stagnation temperatures, a comparison of enthalpy effects on the expan-
sion parameters does not seem Justifiable. Nevertheless, the real-gas effects
due to the high stagnation temperature level at which these studies were made
were sppreciable as seen in figure 7. The real-gas equilibrium, nonequilibrium,
and frozen calculations of stagnation pressures behind a normal shock and free-
stream static pressure shown in figure T were obtained from the previously
described computer programs and hand calculations. Figure 7 indicates an equi-~
1ibrium expansion in both nozzles at a stagnation pressure of 12 atmospheres and
also in the 10° nozzle at a stagnation pressure of 20 atmospheres. Some of the
experimental points do not fall exactly on the theoretical curves, but this is
due to the fact that the theoretical curves were plotted on the basis of average
stagnation conditions for the total number of runs indicated by the number of
experimental points. (Pitot pressure could be measured at only one location
during each run.) It should therefore be noted that the experimental error is
not of the magnitude implied by figure 7. If each measured point is compared
with the theoretical curve obtained from the particular stagnation conditions
for that run, the variation from predicted equilibrium values is very small.

For instance, the Mach number determined from the real-gas equilibrium calcu-
lations (for a given run) by use of measured static pressure varied at most by
3 percent from the Mach number determined by use of measured pitot pressure.

Verification of an equilibrium expansion permits the use of real-gas flow
property tabulations in order to find other properties and the effective area
ratio. At the higher stagnation pressures, the displacement thickness was less
than that at the low stagnation pressures as expected. The effect on the Mach
number of thinning the boundary layer was smell, however, due primarily to the
fact that high Mach number flows are insensitive to variations in expansion
ratio. Figures 8 and 9 show the effect of increasing stagnation pressure. Also
shown in these figures are calculated area ratios obtained by using the method
of local similarity. Although this should be a valid approach in these nozzles,
initial disturbances in the plenum chamber and nozzle entrance due to arc



rotation prevent an accurate description of the early flow. At present there are
no experimental data on what the magnitude of such effects may be. Although
figures 8 and 9 imply a knowledge of the physical displacement thickness, it is
not true that this is known. The reason is that the effective throat area is
not known and because of the small throat size boundary-layer growth in this
region of the nozzle has a large effect on the core size. The method of refer-
ence 18 deals primarily with heat transfer. The integral energy equation is
satisfied and it might be anticipated that the calculated thicknesses using this
method might not give as reliable an indication of displacement effects as a
momentum integral approach. The results tend to bear this out. The effective
core size from the boundary-layer calculations of reference 20 was used to
obtain equilibrium statlc pressures previously computed. A plot of predicted
static pressure against geometric area ratio in the 10~ nozzle is shown in fig-
ure 10. The predicted values are 40 percent sbove measured values at the most
upstream nozzle location with good agreement occurring in the downstream portion.
As pointed out in reference 20 the prediction of boundary-layer growth in the
upstream portion of the nozzle should not be expected to be as reliable as near
the exit because of neglect of the terms accounting for the effect of axially
symmetric flow. In the small nozzle used herein, this appears to be an impor-

tant factor.

If stagnation temperatures close to those calculated exist, it.seems worth-
while to question the apparent lack of agreement between the predicted nonequi-
1ibrium behavior and the measured equilibrium expansion. One unfortunate
restriction on this investigation was the inability to produce higher stagnation
temperatures. At about 3,6000 K oxygen is Jjust beginning to dissoclate and the
measurements attempted were critically dependent on having energy absorbed by
this process. Departures from equilibrium are more pronounced as the tempera-
ture increases, however, for temperatures much below 3,6000 K the effects of
nonequilibrium behavior would not be discernible. A number of the tests were
conducted at temperatures calculated to be 3,900O K, but many were calculated
closer to 3,600° K which is very close to a lower limit as far as measurable
effects are concerned. A second point to be noted is that the calculated non-
equilibrium behavior of reference 7 is dependent on throat configuration. In
this investigation, the geometric throat shape was used for the computations.
However, viscous and centrifugal effects in the throat region could reduce the
effective temperature gradient and thereby reduce the tendency toward nonequi-
librium. It is not known how accurately the rate constants for recombination of
oxygen describe the actual kinetic process at temperatures below 4,000° K. 1In
order to investigate the effect of the recombination rate on the predicted non-
equilibrium flow properties, the recombination rate given in equation (2) was
increased an order of magnitude and the nonequilibrium program was run. For a
stagnation.temperature of 3,600° K and stagnation pressure of 12 atmospheres the
pressures predicted by using the higher recombination rate were only 1.5 percent
above the nonequilibrium pressures predicted by using the rate given by
equation (2).



CONCLUDING REMARKS

Simultaneous measurements of stream static pressure measured at the wall
and center-line pitot pressure were used to check for nonequilibrium effects in
the nozzle flow. Three independent methods were used to insure that wall static
pressures were an accurate measure of stream static pressures. The measured
pressures showed close agreement with values calculated for an equilibrium expan-
sion as compared with values calculated for a nonequilibrium or a frozen expan-
sion. The equilibrium expansion indicated by these measurements occurred for
stagnation pressures of 12 and 20 atmospheres and stagnation temperatures up
to 3,900° K in the 10° and 16° conical nozzles used in this investigation.
Increasing the recombination rate by an order of magnitude had an insignifi-
cant effect on bringing the predicted nonequilibrium pressures into agreement
with the measured pressures.

A momentum integral approach using real-gas properties and a modified flat-
plate skin-friction law predicted laminar real-gas boundary-layer growth reason-
ably well in the downstream portion of the 10° conical nozzle used in this
investigation.

Langley Research Center,
Natlonal Aeronautics and Space Administration,
Langley Station, Hampton, Va., March 6, 196L.
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